This study investigated and identified the mechanisms by which a remoulded expansive soil was modified or altered by a non-traditional admixture, lignosulfonate (LS). To achieve this objective, untreated and LS treated samples of expansive soil were examined microscopically using X-ray Diffraction (XRD), a Scanning Electron Microscope coupled with Energy Dispersive Spectroscopy (SEM/EDS), Fourier Transform Infrared (FTIR), Computed Tomography (CT-Scan), Nuclear Magnetic Resonance (NMR), Cation Exchange Capacity (CEC), and the role of Specific Surface Area (SSA). The interest was to identify and compare any physical and chemical changes between the untreated and treated samples and then propose the most likely reaction modes between the admixture and the soil minerals.
Introduction
The effect of non-traditional admixtures (e.g. organic polymers) on the geotechnical properties of soils have been reported by various researchers (e.g. Rauch et al. 2003; Tingle et al. 2007; Athukorala et al. 2013; Indraratna, 2014, 2015; . For example, Indraratna et al. (2008) ; Vinod et al. (2010) ; , reported significant increase in strength of LS treated silt soils after 7 days of curing. However, the volume of literature available on the microstructural characterization of soils improved by these products, and in particular for expansive soil stabilized with lignosulfonate, is scarce. An understanding of the stabilizing mechanisms of non-traditional admixtures such as lignosulphonate (LS) is of vital importance if a wider acceptance is expected for this admixture. Given that LS is a waste by-product of paper and timber industry and is chemically established as a non-toxic compound (Indraratna et al. 2008; , its use for soil stabilization has considerable merit in contrast to highly alkaline and sometimes corrosive chemical admixtures that are lime and cement based. In spite of the potential advantages offered by traditional admixtures in terms of shear strength (Indraratna et al 2008) , their use for ground improvement has often been restricted by stringent environmental criteria, where adverse effects on groundwater and soil chemistry changes have been a major concern (Rauch et al. 2003) .
The purpose of this study is to investigate and identify the mechanisms by which an expansive soil was altered by the LS admixture using analytical techniques such as X-Ray Diffraction 
Expansive Soil Characteristics
The expansive soil was collected at Gunnedah, Queensland, Australia, at a depth of 250 -700mm.
The liquid limit (LL) and plasticity index (PI) of the soil were 91% and 51 respectively thus, it could be described as inorganic silty clay of high plasticity (CH). The mineralogy of the soil was determined quantitatively using siroquant analysis (Taylor 1991) . The results showed that by mass, 36% was clay (i.e. 12.7% kaolinite, 10.4% montmorillonite, 4.4% illite and 8.5%
montmorillonite-chlorite), while gibbsite, halite, rutile, hematite and quartz were 7.6%, 4.8%, 2.3%, 3.5%, 12.1% and 24.8%, respectively (Alazigha, 2015) .
The soil was dried to constant mass, then crushed and sieved through a 1.18mm aperture sieve, and this material passing through was used to prepare the test specimens for LS treatment. The physical/chemical properties of the remoulded soil are presented in Table 1 . Detailed analysis by Alazigha (2015) ) in the DDL of clay particles, the more susceptible are the clay particles to interparticle repulsion (swelling).
The one-dimensional oedometer free swell test (ASTM D4546) of the remoulded soil conducted under an initial seating load of 7kPa showed that the percent swell is approximately 6%. A 7-day curing period was chosen for all test specimens based on previous research works Indraratna et al. 2008; Vinod et al. 2010 ).
According to the classification scheme proposed by Seed et al. (1962) , the soil can be classified as "high" expansive (i.e. percent swell = 5 -25%). The soil shrinkage limit is 9% (Table 1) which is also in agreement with the same class of expansiveness (7 -12%). The soil activity (activity > 1.25) also supports the expansive nature of the tested soil (Skempton, 1953) .
Characteristics of lignosulfonate
Lignosulfonate (LS) is a waste by-product of the paper manufacturing industry with an estimated global annual production of 50 million tons (Gandini and Belgacem 2008) . Depending on the type of timber/paper industry, the LS may be extruded either as predominantly calcium, magnesium or aluminium based organic compound (benzene ring as the basic body). The industry is currently facing the challenge on the best possible means of its disposal. It is envisaged that with a welldocumented scientific evidence of LS-based soil improvement mechanisms of stabilization, the application of this by-product will gain wider publicity and greater acceptance in sustainable infrastructure construction and slope stabilization projects.
The chemical structure ( Alazigha et al. (2016) . It can be observed that this LS compound (Fig 2) is a highly cross-linked amorphous polymer consisting of aliphatic (i.e. negative -hydrophilic sulphite, hydroxyl, methoxyl, carboxyl, phenolic groups) and aromatic (i.e. positive -hydrophobic aromatic structure) portions, but its net potential is negative. ), thus the LS used in this study could be classified as a calcium lignosulfonate.
Specimen preparation and methods of micro-characterization
The micro-characterization study and subsequent identification of stabilization mechanisms of LS on expansive soil was achieved through a number of instrumental analytical techniques. The physical/chemical changes with and without LS addition were evaluated and compared to provide an insight into the possible reaction mechanisms. The percent swell of the remoulded soil with and without LS treatment were assessed in accordance with the procedure suggested in ASTM (D4546). The main objective was to determine whether the addition of LS translated into beneficial change in swelling behaviour of the compacted expansive soil at optimum moisture content = 38%, and maximum dry unit weight = 13.1kN/m3). At least three identical specimens were prepared for checking test repeatability.
An X-ray diffractometer (GBS Scientific Equipment) was used to perform scans for untreated and LS treated soil specimens with the following generator settings: input voltage 35.0kV, current 28.5mA and CuK radiation. Other parameters included wavelength (λ) = 1.54056Å, angle scan (2 ): 2° -60° using a 0.02° step size and dwelling time (speed) of 10/min at each step. To minimise the influence of temperature and humidity variations during the measurement, the tests were carried out in the laboratory with 98% relative humidity and at a constant temperature of 18oC. Oriented specimens were prepared on glass slide as suggested by Whittig and Allardice (1986) . In addition, X-ray CT-scan technique was employed to probe non-destructively the microstructure of the compacted specimens before and after the one dimensional swell test. A Toshiba Asteion S4 X-ray CT scanner was used with the following settings: the X-ray tube voltage was 135kV, current was 200mA, X-ray beam (slice thickness) was 3mm wide, exposure time was 1s, and the field of view (FOV) was 21cm with a zooming factor of four. The acquired images were processed using medical radiology software DicomWorks v. 1.3.5 (Puech et al., 2007) . This included adopting adequate window ranges and post-processing filtering techniques.
For the SEM analysis, additional compacted specimens prepared for swell test and cured for 7 days were carefully broken down to smaller size (approximately 1mm) and then placed on a 20mm diameter SEM sample holder exposing the "fresh" surface. The untreated and 2%LS treated specimens were then inserted into a JEOL JSM-840A SEM at 20kV, equipped with EDS to study morphological variations. For the quantitative identification of elemental composition in soil with and without treatment, the EDS component was used.
FTIR was also used in this study to identify the chemical bonds formed, by measuring the frequencies at which absorption of the infrared radiations occurred. FTIR was performed using a was taken as zero (0.00ppm).
Finally, the roles of cation exchange capacity (CEC) and the specific surface area (SSA) were investigated to evaluate the effect of the addition of the admixture on these properties (ASTM C 837).
Results and discussion

Effect of LS on the swell behaviour of the remoulded expansive soil
The swell behaviour of the remoulded expansive soil was determined through a standard one dimensional swell test (ASTM D4546). Untreated and LS treated soil specimens were tested, and the results indicate that LS has a substantial effect on the magnitude and rate of the percent swell with time (Fig. 3) . The percent swell decreased with increasing LS content. However, the percent swell of the soil decreased maximally from 6% to about 4.6% with 2% LS addition. The decrease in the swell magnitude is related to the decrease in the amount of adsorbed moisture in treated soil specimen. This is corroborated by the moisture content determination at the end of the swell test.
For the untreated, 0.5%, 1.0%, 2.0%, and 3.0% treated specimens, moisture content of 51.0%, 49.7%, 48.6%, 47.0%, and 47.8% was measured, respectively. This indicates that the addition of LS may have inhibited the absorption of water, thus resulting in the decreased percent swell and as well as a lower swelling rate (Fig 3) . However, For the 2% and 3% LS treated specimens, a slight increase in percent swell with time (after 20000hrs) was observed. As LS behaves like an expanding polyelectrolyte because it carries a strong negative charge which is counter-balanced by positively charged cations dispersed in the diffuse double layer of clay. So, at about or beyond optimum content of LS, the excess molecules of LS which did not participate in the stabilization process in treated soils due to spent cations in clay result in mutually repulsive forces between the charged sections of the LS chain, causing the molecules to expand. This is possibly why the slight increase in percent swell for 2% LS treated specimens after 20000hrs. For the same reason, the 3% LS treated specimen exhibited higher percent swell than 2% treated specimen.
Microstructural characterization of admixture mechanisms XRD analysis:
XRD was used to determine the arrangement and spacing of atoms within soil crystals, to qualitatively identify clay minerals in the soil and to assess changes in clay mineralogy associated with the addition of 2% of LS. The diffractograms of the untreated (LS=0%) and treated (LS=2%) specimens are shown in Fig. 4 . It was observed that both samples contained smectite, illite, kaolinite, quartz groups, and layers of mixed minerals.
Changes in the refractive angle (2θ) which translate to changes in the d-spacing in soil minerals were determined by evaluating the d_001 smectite peak at 2θ = 5.780 in the specimens with and without treatment. There is a noticeable change in the d_001 peak that resulted from the addition of LS, such that the peak area becomes smaller i.e. less d_001 surface area. The decreased peak surface area is attributed to a decrease in the average size of crystallite in the reflecting minerals.
According to Cullity (1979) , large crystallites exhibit sharp peaks but as they decrease in size, so do the width of the peak and that amorphous samples display hump shaped peaks. This indicates that the changes in the shape observed for the d_001 smectite peak, resulting by the addition of LS may have been induced by the amorphocity of the LS admixture. This in turn suggests that, LS addition plays a significant role in the crystallographic alteration of the d_001 smectite minerals observed in the treated specimens. Further, the basal and peripheral coating of the smectite minerals by the LS admixture, a non-crystalline polymer, likely restricted diffraction from the characteristic atomic planes of the clay minerals thus, the d_001 smectite peak broadened after treatment.
The d_001 smectite peak also shifted to the left on the 2θ axis upon treatment. The shift in this peak from 2θ = 5.78 0 to 5.38 0 for untreated and treated specimens, respectively, caused a corresponding initial increase in the d-spacing of the smectite minerals from 13.90 to 14.93Å (Bragg's law). This was due to the crystalline domains of the mineral lattices relaxing as the ioncarrier and cross-linking agent (LS) intruded the inner layer, leading to initial expansion of the inner layer and subsequent moisture entrapment. These findings suggest that for soil treated with 2% LS, the admixture intercalated the layers of expansive clay minerals that caused their initial expansion. This result is consistent with the mechanism of interlayer expansion with subsequent moisture entrapment proposed earlier by Scholen (1991; 1995) and Rauch et al. (2003) for nonstandard chemical stabilizers (e.g. polymers, enzymes, electrolytes, sulfonated limonene).
It is important to note the peaks of non-swelling soil minerals such as kaolinite and quartz that did not shift along the 2θ axis in the specimen treated with LS. While the d-spacing of these minerals in the specimens with and without treatment was practically the same, their associated intensities decreased significantly. This could be indicative of the inability of LS admixture to intercalate the inner layers of non-expansive soil minerals, which results in peripheral adsorption alone causing a decrease in the intensities of the minerals. The reduction in intensity in the diffractograms of the minerals is ascribed to a decrease in the concentration of the particular minerals. This indicates that the external adsorption of LS on these minerals likely reduced the availability of the mineral crystals to reflect incident rays, resulting in a decrease in the peak intensities hence, the lessavailability of the minerals to adsorb water molecules.
Scanning Electron Microscope (SEM) analysis
The morphological changes upon the addition of 2% LS were investigated using a JEOL JSM-6460LA SEM, equipped with a Minicup EDS. The SEM micrographs of the untreated specimens, taken at a magnification factor of x2500 (Fig 5a) , reveal that the fabric consists mainly of dense clay matrices with little or no appearance of aggregations. A poorly open and/turbulent type of microstructure, with smectite lamelle in a fairly orderly arrangement can be observed towards the centre of the micrograph. The minimal appearance of the 'cornflake' like clay minerals usually associated with the smectite group could be attributed to the structural breakdown due to remoulding of the soil.
In contrast, the SEM micrographs of the LS treated specimens indicate that the morphology of the soil changed considerably upon addition of LS. Fig 5b shows the presence of flocculated particles with sharper edges. These morphological changes can be attributed to the adsorption/coating mechanisms and cation exchange processes between the soil minerals and the LS complex. Fig 5b   also shows that the clusters of clay particles were interspaced by larger but fewer pore spaces compared to those of the sample of untreated soil. This suggests that the sample treated with 2%
LS, flocculated more than the untreated counterpart, and that the ingress of water into the entire soil body would have been restricted, resulting in a decrease in the magnitude of swell potential as mentioned earlier (Fig 3) .
Energy dispersive spectroscopy (EDS) analysis
The EDS spectrum for the untreated and LS treated specimens are presented in Figs 6a and b. It can be observed that there was practically no difference in intensity in the EDS spectra of the specimens. This suggests that no new element(s) were formed between the sorbent (soil minerals) and the sorbate (LS admixture) complex, although the treated sample shows small traces of sulphur (S) and an increase in the carbon (C) content, possibly due to the presence of an unreactive carbon and sulphite group in the organic chemical structure of the LS admixture (Fig.   2 ).
In terms of quantitative elemental composition in each specimen, the change in the ratio of elements following LS treatment was insignificant; for example, the ratio of Al:Si varied by about 8.1%. These two elements (Al and Si) were chosen because they form the basic units of clay minerals so if there was a significant decrease in the aluminium-silica ratio after treatment, this While the data obtained from Al:Si analysis can be used to corroborate the XRD findings, due caution must be exercised as EDS results could be affected by the topography of the specimen. To minimise the effect of the specimen topography on the test data, all the specimens were prepared identically. Moreover, multiple samples (five) were analysed in each case and averaged to quantitatively determine their elemental compositions.
X-ray CT-scan:
In recent years, X-ray CT scan techniques have been employed to describe physically complex pore spaces with respect to variables such as the bulk density of soil (e.g. Anderson et al. 1990; Heitor et al. 2013) . Fig 7 shows a typical CT-scan image of a test specimen that was examined using this technique. Figures 7a and c show the CT scan images of the untreated compacted specimens before and after one-dimensional swell tests, while Figs. 7b and 7d denote 2% LS treated specimens before and after one-dimensional swell tests, respectively.
Each pair of images was processed to reflect the same grayscale window centre and width (Puech et al. 2007 ) to allow for a qualitative comparison between the partially saturated and fully saturated specimens. Typically, the comparative density of the materials can be identified by a difference in colour from the greyscale, e.g. white/light grey represents the water phase whereas black denotes the air phase, and darker grey is the solid phase (Fig 7) . However, due to limitations in the scanner's resolution (1mm), the structural changes in the soil were only evaluated in terms of macroscopic pores; i.e. the lighter colour shades symbolise high macroscopic water saturation, while the darker areas represent less saturated phases. It can be easily observed that variations in the moisture content of samples occurred for the untreated and treated specimens, but the geometry of the pore space structure could not be detected. It was very clear that, the degree to which the specimen of expansive soil was saturated was undoubtedly affected by the LS admixture (Figs. 7c and 7d ). Close examination of both images after the swell test reveal a more is -OH vibration modes of water (Bishop et al. 1994) . Petit et al. (1999) reported that the -OH stretching (νOH) and binding (2δOH) The pattern also showed common bands for all dioctahedral smectite. For example, the shoulder at were caused by smectite minerals due to a combination of the stretching (νOH) and bending (δ) vibrations of water and (νOH + δAlFeOH) combination modes, respectively (Komadel 1999) . The band at 4520cm -1 (Fig 9a) , respectively while the band at about 2868cm -1 was attributed to symmetric stretch of -CH3 group of kaolinite (Russell and Fraser 1996; Saikia and Parthasarathy 2010) .
In Fig. 9b , the bands at 2300 and 2364cm -1 were assigned to CO2 derived from the environment.
The significant infrared band observed at 1620 -1740cm 
Spectrum of soil treated with 2% LS:
The NIR of 4000-7000cm -1 of the sorbent-sorbate complex (Fig 8a & b) showed insignificant spectral differences to the sorbent spectrum, probably because the adsorbed LS molecules did not adopt a regularly organized structure at the soil mineral surfaces. However, identifiable band shifts/deformations were seen after 2% LS was added. For example, the near disappearance of the bands at 6972, 6872, 6740, and 6802cm ) assigned to a combination of stretching and bending vibrations of water decreased in intensity after the addition of LS, which suggested there was dehydration in the already collapsed inner layers of the expansive mineral lattices. These findings are in agreement with those of Bishop et al. (1994) .
Moreover, the spectrum of the 2% LS treated soil at 6905 and 5342cm -1
show that the transmittance became sharper and more symmetrical, which indicated dehydrated conditions.
Under dehydrated conditions the interlayer water was bounded to cations or interlayer surface which caused the H-O-H stretching vibration bands to shift to lower wavelengths than similar absorptions under hydrated conditions. This was clearly seen in the bands associated with 6802, 6739, 6588, 6401, 6197, in this investigation.
Furthermore, the intensities of the bands at 5219 and 6802, 6621, 6467, 6303-6257, and 6104cm
increased after the addition of LS. This pattern in ionic treated soils is attributed to water directly coordinated to the cations forming hydrogen bonds with surrounding H2O molecules rather than the silicate lattice of the soil which is in agreement with Farmer and Russell (1971) and Theng (2012) , which also suggests that the addition of LS leads to a decrease in the inner layer water content. The reduction in intensities and shifts associated with the above peaks suggested that LS underwent basal and peripheral adsorption on soil particles. This reduction in band intensities could also indicate that the water molecules remaining at the inter-lamellar space were coordinated to LS molecules through a "water bridging" mechanism. It is also likely that some of LS molecules displaced water to become directly coordinated with the cation, as a consequence of the high polarizing strength of the Ca 2+ cation. This behavioural observation is similar to that of benzonitrile-montmorillonite and nitrobenzene-montmorillonite complexes reported by Theng (2012) .
Furthermore, the -OH stretching vibration shifts to a lower frequency when the hydrogen bonding interactions become stronger. The -OH vibration bands at 3792-3930, 3365, 508, and 417cm -1 weakened considerably and/or shifted to lower wave numbers upon LS addition (Fig. 9a, b, & c) .
Such behaviour of peaks could be ascribed to a reduction in the interlayer water in the soil samples. This indicates that LS formed direct bonds with adsorbed cations or coordinate directly with adsorbed moisture. Further spectra analysis within the MIR region (400 -4000cm , which could then be correlated with the undissociated sulfonic acid group in the LS admixture in treated soil.
Similarly, the appearance of a subtle band at 2841cm . These bands suggested the formation of Si-O stretching vibrations for amorphous silica and implied that amorphous LS attacked silica mineral and deposited its footprint of amorphocity.
The intensity of the -OH bending vibrations at 879cm
of AlFeOH decreased slightly after the admixture was added, indicating an alteration of the crystalline lattices of these minerals. This decrease in intensities depicted a quantitative reduction of AlFeOH. An important consequence of replacing inorganic with organic cations is that the surface of the clay becomes hydrophobic, which further supports the reduction in the affinity for water by treated soil minerals already noted earlier by a decrease in the band intensity, and hence a reduction in the swell potential of an otherwise expansive soil.
Cation exchange capacity (CEC)
The methylene blue (MB) test is one of the most accurate and simplest methods to determine the CEC of soils, and it relies on the basis that clay minerals have a large surface area with negative charges that could be exchanged with methylene blue cations (Santamarina et al. 2002) . Aqueous methylene blue (MB) is a cationic dye (C16H18N3ClS + ) with a corresponding molecular weight (MW) of 319.85g/mol that can be adsorbed onto negatively charged clay surfaces. The "spot-test" method of the methylene blue dye test was used to estimate the CEC of untreated and 2% LS treated expansive soil.
The "Spot-Test" method was carried out in accordance with ASTM C837. Typically, a solution of MB (1mL = 0.01meq) was prepared, and the test is carried out by adding 2.0g dry soil to 300mL of distilled water and stirring until a homogenous mixture is obtained. The pH of the soil-LS solution is then reduced to the 2.5 -3.8 range by adding appropriate drops of sulphuric acid (0.1N) while stirring continuously. While the soil-water-acid solution was still on the mixer, 5mL of the MB solution was added in increments. After each addition of the MB solution, a drop of the soil-water-acid-MB complex was taken with a glass pipette and placed on a Whatman No. 1 filter paper disk to observe the appearance of the blue halo around the drop deposit in the filter paper.
This procedure was repeated until the end point was reached which was indicated by the formation of a light blue halo around the drop (Fig 10) .
The amount of adsorbed MB, quantifiable by the methylene blue index (MBI), provides an estimate of the CEC for each soil sample as follows (ASTM C837):
Where V = millilitres of MB solution required to reach the end point.
For the untreated soil sample MBI (CEC) was 57.5meq/100g whereas for the sample treated with 2% of LS the MBI (CEC) was 47.5meq/100g.
The results indicate that the LS admixture had little effect on the CEC of the remoulded expansive soil. The untreated soil had a CEC of 57.5meq/100g but this decreased to 47.5meq/100g upon 2% LS addition, which represents only 17% of the total ion exchange capacity. This is likely associated with the large molecular size (201,300.00g/mol; Fredheim et al. 2002) of LS polymer, which may have resulted in a "cover-up-effect" leading to an incomplete cation exchange mechanism between the soil minerals and the admixture. LS with coordinating polyvalent cations are tightly bonded to the polymer matrix through coordination and/or chelation, involving sulphonic and hydroxyl groups and these cations are not easily dissociated in an aqueous medium.
This non-dissociation of polyvalent cations from LS structure is believed to have aided the aforementioned "cover-up-effect". This is consistent with the observations by Theng (2012) . The LS used in this investigation had a coordinating polyvalent cation (Ca 2+ ions on soil mineral surfaces, the LS structure accompanies the exchange process and tends to cover-up exchangeable sites leading to an incomplete cation exchange mechanism.
The determination of the CEC of a soil using the MB technique is an easy and quick method compared to the Standard Determination of CEC with Ammonium Acetate (Chapman, 1965) .
However, the current MB test ("spot-test") technique contains operator errors such as the ability to judge the test's end point.
Specific surface area (SSA):
The quantity of adsorbed MB enabled the SSA of the soil specimens to be estimated. The SSA of the untreated and 2% LS treated specimens were calculated using equation (2) proposed by Hang and Brindley (1970) . From the maximum amounts of adsorbed MB, and by assuming that the area covered by one molecule of MB equals 130Å, which corresponds to the molecules lying flat on the clay mineral surfaces (Santamarina et al. 2002) : with the soil minerals which governs the cation exchange mechanism was probably very small. This might likely be the reason for the "cover-up-effect" mentioned earlier. The SSA data also supports the XRD findings that showed no significant chemical reactions occurred in the LS stabilization mechanisms of expansive soil. However, the crystallography of soil mineral was altered mainly through chemo-adsorption (hydrogen bonding), and/or ionic bonding of LS molecules to form direct bonds with cations and hydroxyl groups on soil mineral surfaces and a minimal cation exchange mechanism.
In this investigation, the methylene blue (MB) test method was the preferred method for SSA determination. While commonly the SSA is determined using nitrogen (N2) BET analysis technique, this method enables only the measurement of the external surface area of particles due to the inability of N2 molecules to intercalate the inner layer of dry expansive soil lattices. For this reason, SSA values determined using the BET method are usually smaller (Ramachandran et al. 1962) . Another traditional method of measuring SSA is the Ethylene Glycol Monoethyl Ether (EGME) technique. Though this technique measure the total surface area (internal and external), it is limited to a single partial pressure (P/Po) equilibrium, samples cannot be used multiple times, and it is time intensive (Cerato and Lutenegger, 2002) . In contrast, the MB test was conducted on a soil-water suspension where the inner-layers of the weakly bonded silica sheets of smectite are easily intercalated by water or MB ions, which enable the internal and external surface layers to be measured. The corresponding areas determined by the N2 BET adsorption method for the same samples were 62.45m 2 /g and 49.85m 2 /g for untreated and 2% LS treatment, respectively.
Proposed stabilization mechanisms of expansive soil treated with LS
The micro-characterization study and subsequent identification of the stabilization mechanisms of LS treated expansive soil was achieved through a number of instrumental analytical techniques.
The physico-chemical changes before and after LS addition was evaluated and compared to provide insights into possible stabilizing mechanisms of the admixture on the expansive soil.
The findings suggested that the primary stabilizing mechanisms of LS admixture is via adsorption onto the surfaces of soil minerals through electrostatic interactions, hydrogen bonding, covalent bonding, and as well as cation exchange mechanisms with subsequent smearing, and agglomeration of soil particles (Fig 11) . When LS is added to a remoulded expansive soil, it intercalates the inner layer of expandable clay minerals and is adsorbed through mechanisms such as water bridging, hydrogen bonding, covalent bonding, and cation exchange mechanisms.
However, EDS analysis showed that for non-expandable minerals such as quartz, the adsorption of LS was limited to the surface alone, probably due to the relatively larger molecular size of the polymer compared to the tightly held basal spaces of these minerals. The mechanism of adsorption of LS by soil minerals as the principle stabilizing mechanism is fully supported by data obtained from the analytical techniques (e.g. XRD, FTIR). For instance, the appearance of a new peak at 470cm -1 in the XRD results suggested that amorphous LS attacked the silica minerals and deposited its footprint of amorphicity.
The intercalation of LS into the lattices of the expansive minerals displaced water at the outer spheres of coordinating monovalent and divalent cations, where they then formed direct hydrogen bonds with the coordinated water or else developed covalent bonds in adsorbed cations in the soil.
The intercalation of LS and subsequent adsorption on inner surfaces was accompanied by an initial expansion of the clay mineral lattices with subsequent moisture entrapment, as observed from the XRD micrographs. The adsorption of LS by soil minerals through hydrogen bonding led to the encapsulation of soil minerals with subsequent flocculation-agglomeration of the soil particles, as also observed in the SEM micrographs and reduced specific surface area of soil samples measured using the MB test.
Presumably, other mechanism corresponding to the ability of the cationic end of the admixture replacing the negative surface of the charged soil particles would have also contributed to particle flocculation and a decrease in the soil's affinity for water but to a smaller extent. The thin coating of soil particles by the organic cationic compound exposed its hydrophobic end (Fig 11) contributed to a reduction of the swell magnitude.
In summary, the stabilization mechanisms consist of the basal, and peripheral adsorption onto soil minerals through hydrogen bonding (water bridging), initial inner layer expansion with moisture entrapment, and covalent bonding (directly bonding to adsorbed cations) leading to the soil particles being coated, and with a subsequent reduction in the soil's affinity for water. The exchange of interlayer cations was also observed although is likely not significant due to "coverup-effect".
The absence of significant new peaks (minerals) after treatment coupled with the negligible change in the soil mineral ratios (e.g. Al:Si) as obtained from EDS analysis of samples, suggested mainly inter-molecular interactions between soil minerals and the LS admixture rather than major chemical reactions. These mechanisms of the non-standard admixture collaborate well with the observations and interpretations of Scholen (1992; 1995) .
Limitations of this study
The stabilizing mechanisms of LS reported above are based solely on tests conducted on a highly plastic (remoulded) expansive soil. This type of soil exists over hundred kilometres affecting transport corridors and was of keen interest to Roads and Traffic Authorities in Queensland and NSW, Australia. Therefore, while the established mechanisms are applicable for similar soil types, the nature of the data measured will inevitably vary from one soil to another, and depending in the montmorillonite content in each soil. Therefore, these results cannot be extrapolated directly to any other soil without exercising caution and prior laboratory testing to determine the efficiency of treatment as each soil reacts differently to the same LS and amount of chemical used.
Conclusion
Through a series of micro-characterization tests, the mechanisms by which LS, a non-traditional waste by-product, stabilized a remoulded expansive silty clay (highly plastic) were identified. The chemical admixture and the expansive soil were first characterized individually to establish their reactive products/baseline properties. The physical/chemical properties of the soil following LS treatment were then compared with untreated samples to determine whether the admixture prompted any changes. The impact of the addition of LS in the remoulded soil was found to be greater for the expansive clay minerals (e.g. montmorilonite) and less on the non-expanding clay minerals (e.g. kaolinite) and relatively inert, quartz.
On addition of LS, the organic molecules wedged into the structural sheets of the expansive clay minerals, displaced water and caused an initial increase in d-spacing which was demonstrated by
x-ray diffraction. The FTIR analysis showed that intercalated admixture was then adsorbed through hydrogen bonding (water bridges), and/or bonded directly with the dehydrated cations.
Moreover, this investigation also revealed that the admixture experienced cation exchange between Ca2+ in the admixture and soil cations (Na ) and contributed to particle flocculation confirmed by SEM micrographs. These mechanisms resulted in a 'waterproofing effect' on soil sample hence, the decrease in percent swell of treated expansive soil which was also confirmed by the X-ray, CT-scan micrographs and lower moisture contents measured for the specimen treated with LS.
For non-expanding clay minerals, only surface adsorption was observed and based on XRD data, significant chemical changes in clay mineralogy were not apparent, but changes in the crystalline nature of the adsorbent due to basal and peripheral adsorption of LS. This observation was supported by the minimal change in the Al:Si ratio, which was expected if the interaction of an admixture and soil was more by physical rather than chemical means. SEM studies visualized the formation of LS films on the soil surface whereas the FTIR studies indicated participation by the surface sites of the sorbent in the adsorption mechanisms. Fig. 1 . H NMR spectrum of LS admixture. 
